It has been recently demonstrated that there is a high statistical correlation between the relative energies of isomers and their relative abundances in the interstellar medium (ISM). In the present work we use the high-level W2-F12 thermochemical protocol to obtain accurate isomerization energies for a set of 109 H x C y O z isomers, 18 of which have been observed in the ISM so far. We use our benchmark isomerization energies to (i) rationalize the presence of the isomers that have been detected, and (ii) predict which new isomers are likely to be detected in the future. We find that the energetically most stable isomers of H 2 C 3 O (1,2-propadien-1-one), H 8 C 3 O (2-propanol), and H 6 C 3 O 2 (propanoic acid) have not been observed, despite the fact that higher-energy isomers of these chemical formulas have been detected in the ISM. The dipole moments of these isomers are sufficiently large that these species should be observed using microwave spectroscopy techniques.
Introduction
The search for organic molecules in the ISM is an important branch of astrochemistry that has been gaining increasing attention over the past two decades. 1, 2, 3, 4, 5 To date, about 180 molecules have been detected in our galaxy, about 30% of which are organic molecules containing 6-13 atoms. 6 This total, which is constantly increasing, does not include numerous isotopologues (e.g. of 2 H, 13 C, and 18 O). Each new molecule that is identified in the ISM is an additional piece in the very large puzzle of how organic molecules are being synthesized in space. However, this puzzle is far from complete. 1, 2, 3, 4, 5 Recently, Lattelais et al. 7, 8 calculated the relative energies of molecules that have been detected in the ISM in two or more isomeric forms. They showed that, with few exceptions, (i) the most abundant isomers of the same chemical formula are the most stable isomers, and (ii) there is a statistical correlation between the relative energies of the isomers and their observed abundances in certain regions of the ISM. They called this relationship between the observed abundances and relative energies of the isomers the "minimum energy principle" (MEP).
In the present work, we obtain accurate isomerization energies for a set of 109 H x C y O z isomers by means of the high-level W2-F12 composite thermochemical protocol. 9 W2-F12 represents a layered extrapolation to the relativistic, all-electron CCSD(T) (coupled cluster with singles, doubles, and quasiperturbative triple excitations) basis-set-limit energy, and can achieve "benchmark accuracy" (arbitrarily defined as 1 kJ mol -1 ) for isomerization energies.
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The isomers of 14 
Computational Methods
In order to obtain reliable isomerization energies, calculations have been carried out using the high-level, ab initio W2-F12 procedure with the Molpro 2012.1 program suite.
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W2-F12 theory 9 (and its earlier versions W2 and W2.2 theories 12,13 ) represent layered extrapolations to the CCSD(T) infinite basis-set-limit energy. These composite theories include scalar-relativistic, first-order spin-orbit coupling, diagonal Born-Oppenheimer, zeropoint vibrational energy, and enthalpic corrections and can achieve "near-benchmark accuracy" for atomization reactions (e.g., W2-F12 theory is associated with a mean absolute deviation of 1.3 kJ mol −1 for a set of 140 very accurate atomization energies). 9, 10, 12, 13, 14, 15, 16 Nevertheless, it should be pointed out that for isomerization reactions these theories yield even better performance due to a larger degree of systematic error cancelation between reactants and products. 10, 16, 17, 18, 19 W2-F12 theory combines explicitly correlated F12 methods 20 with extrapolation techniques in order to approximate the CCSD(T) basis-set-limit energy. Due to the drastically accelerated basis-set convergence of the F12 methods, 21, 22 W2-F12 is superior to the original W2 and W2.2 methods in terms of computational cost. 9 The computational protocol of the W2-F12 method has been specified and rationalized in detail in Ref. The three H 4 C 2 O isomers span a much narrower energetic range of 114.8 kJ mol −1 (Table 1) , and all three isomers have been observed in the ISM. Acetaldehyde, the most stable isomer, was one of the early polyatomic molecules to be detected in space. It has been detected in the Sagittarius constellation, 44 Sgr B2 molecular cloud, 45, 46 cold dust clouds, 47 and translucent clouds. 48 Ethenol is higher in energy than acetaldehyde by 41.7 kJ mol -1 , and has been detected in the Sgr B2(N) molecular cloud near the center of the Milky Way galaxy. 49 The cyclic oxirane isomer is the least stable H 4 C 2 O isomer (114.8 kJ mol -1 ), and has been detected in Sagittarius B2(N), 50 the hot core (HII) region, 51 and galactic center molecular clouds. 52 Ethanol, the lowest-energy H 6 C 2 O isomer, has been detected in the star-forming region Sagittarius B2(OH), 53 and in galactic center molecular clouds. 54 Methoxymethane, which lies 50.9 kJ mol -1 above ethanol, has been detected in galactic center molecular clouds, 54 Orion, 55 and hot cores. Interestingly, only propiolaldehyde and 2-cyclopropen-1-one have been detected in the ISM. Propiolaldehyde was the first aldehyde to be detected in the ISM, specifically in the cold cloud TMC-1, 69 and later towards the Sgr B2(N) 70 and galactic center molecular clouds. 52 2-Cyclopropen-1-one has been detected toward Sgr B2(N) molecular cloud. 71 The two most stable H 4 C 3 O isomers, acrylaldehyde and 1-propen-1-one, are nearly isoenergetic. 1-propen-1-one lies just 1.2 kJ mol -1 above acrylaldehyde. So far, only acrylaldehyde has been detected in the ISM, specifically towards the Sgr B2(N) 70 and the galactic center molecular clouds. cloud, 72, 73 and towards the high-mass star-forming region Orion KL. 74 Propionaldehyde is higher in energy by 29.8 kJ mol -1 , and has been detected towards the Sgr B2(N), 70 and the galactic center molecular clouds. 52 The three saturated H 8 C 3 O isomers are: 2-propanol, 1-propanol, and methoxyethane.
The most stable isomer is 2-propanol, followed by 1-propanol (16.8) and methoxyethane Table 4 , and selected low-lying isomers are depicted in Fig. 4 
New isomers that are likely to exist in the ISM
Based on our W2-F12 benchmark isomerization energies (Tables 1-4 there is a high probability that isomers that belong to this class will be present in the ISM (or otherwise, their absence should be explained based on kinetics arguments). 7, 8 This class of isomers is discussed in Section 3.2.1. (Tables 1-4 ). Of these, the isomers with the highest isomerization energies are oxirane (114.8, Table 1 ) and glycoaldehyde (113.7 kJ mol -1 , Table 2 ). These relative energies may serve as an empirical guide as to which H x C y O z isomers are likely to be present in the ISM. Thus, the second class of undetected isomers consists of isomers with isomerization energies below 115 kJ mol -1 . This class of isomers is discussed in Section 3.2.2. . Of these, only the least stable isomer has been detected in the ISM. Given the relatively large energy separations between methoxyethane and the more stable isomers, we expect that 2-propanol (and to a lesser extent also 1-propanol) should be present in the ISM.
2)
iii) Propanoic acid. The three most stable H 6 C 3 O 2 isomers (Table 4 , Fig. 4 Fig. 4 ).
It is worth pointing out that none of the energetically most stable H 2n C 3 O 2 isomers have been detected in the ISM so far (namely, 3-oxoacrylaldehyde, acrylic acid, propanoic acid, and 2,2-propanediol).
Conclusions
We have obtained benchmark isomerization energies for a set of 109 H 
Appendix A. Supplementary data
Isomerization energies for isomers with relative energies > 150 kJ mol -1 (Table S1 ); component breakdown of the final W2-F12 isomerization energies for all the isomers considered in the present work (Table S2) ; absolute energies used for deriving the final W2-F12 isomerization energies for all the isomers considered in the present work (Table S3); B3LYP-D3/AVTZ optimized geometries for all the species considered in the present work (Table S4) 
